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part of the navigation data, without the use of separate chan-
nels or protocols for the transmission of the positional 1nfor-
mation for the at least one pseudolite. The positional infor-
mation 1s transmitted 1n the form of a model of a pseudolite
trajectory 1n a reference coordinate system which the model
accounts for orbit-divergent motions of the at least one
pseudolite, and the positional information for the at least on
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METHOD AND ARRANGEMENTS FOR THE
TRANSMISSION OF PSEUDOLITE
TRAJECTORIES WITHIN NAVIGATION
DATA OF A SATELLITE NAVIGATION
SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application 1s a Continuation of International

Patent Application No. PCT/EP03/024359 filed Mar. 11, 2003
and claims priority under 35 U.S.C. §119 of German Patent
Application No. 102 11 714.4, filed on Mar. 16, 2002. More-
over, the disclosure of International Patent Application No.
PCT/EP03/02459 1s expressly incorporated by reference
herein 1n 1ts entirety.

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention concerns the transmission of navi-
gation data to user terminals of a satellite navigation system,
which comprises navigation satellites and pseudolites.

The use of pseudolites to increase the precision and redun-
dancy of satellite navigation systems, in particular 1n those
areas of the Earth’s surface in which only a limited line-oi-

s1ght to navigation satellites exists, 1s known in principle from
U.S. Pat. No. 5,177,489 A and from U.S. Pat. No. 5,686,924

A

U.S. Pat. No. 6,101,178 A describes various possibilities
for commumnicating the position of pseudolites to a user ter-
minal. On the basis of the position data of the pseudolites and
the navigation data received from the pseudolites. The user
terminal can then either increase the precision of the deter-
mination of 1ts own position with the aid of navigation satel-
lites or 1t can perform the position determination with the aid
of the pseudolites 1in regions where the reception of naviga-
tion data from some or all navigation satellites 1s impaired.

However 1n these known devices, there 1s a problem that
additional radio resources such as separate radio channels or
special protocols are necessary in order to transmit the posi-
tional information of the pseudolites to the user terminals.
Thus, such positional information of the pseudolites can be
received and utilized only by user terminals which, 1n com-
parison to customary user terminals of a satellite navigation
system, must contain additional recerving components that
have to be specially adapted to this information and additional
transmission channels, and valuable radio resources are occu-
pied. For customary user terminals, which do not have these
special, additional functions, the transmission of pseudolite
positional information 1s not transparent, 1.e. 1t cannot be used
by these user terminals.

U.S. Pat. No. 6,336,076 B1 proposes that pseudolites trans-
mit a pseudolite Global Positioning Signal which can be a
modified version of a conventional GPS satellite ephemeris
message. This message contains, in particular, ephemeris
data for a GPS satellite or for a pseudolite. Thus, the positions
of the pseudolites as well as the GPS satellites are to be
transmitted with the aid of ephemeris data, which are based
on Kepler’s equations, hence on the description of an orbit in
a central force field. However, such a description of the
pseudolites with the aid of ephemeris data does not reflect the
real motion of the pseudolites in an inertial coordinate sys-
tem, since for example the pseudolites fixed on the Earth’s
surface just do not move freely in an orbit in a central force

field.

E. W. Gratarend, V. S. Schwarze: “Das Global Positionming,
System”, Physik Journal 1 (2002) No. 1, Wiley-VCH-Verlag
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GmbH, p. 39-44, proposes, 1n determining the orbit of navi-
gation satellites, to also account for relativistic effects that can
lead to a deviation of the satellite orbit from a Keplerian orbait.
However, no mention of pseudolites 1s made there, and more-
over, relativistic eflects that are based on a relativistic trajec-
tory correction are not detectable 1n navigation with the aid of
pseudolites. Hence, the proposals described there are not
relevant for pseudolites.

U.S. Pat. No. 5,886,666 describes an airborne pseudolite
navigation system as augmentation to a GPS satellite naviga-
tion system. In this connection, data which describe a fixed
position of apseudolite based on Kepler’s equations are trans-
mitted as part of a modified GPS satellite ephemeris message.
Divergences from this fixed position can optionally be trans-
mitted 1n the form of a vector error correction over a separate
data link to the navigation terminals. In this case, as well,
either only 1nadequate descriptions of the real motion of the
pseudolites are provided, or alternatively, separate channels
are again provided for the transmission of additional correc-
tion data to describe orbit-divergent motions of the pseudo-
lites.

SUMMARY OF THE INVENTION

One aspect of the present invention 1s thus to provide an
option that remedies these disadvantages of the prior art and
in particular, permits improved determination of pseudolite
positions. This aspect 1s attained through a method for the
transmission of navigation data to user terminals of a satellite
navigation system. The system includes navigation satellites
and pseudolites. Positional information for at least one
pseudolite 1s transmitted 1n the form of a model of a pseudo-
lite trajectory 1n a reference coordinate system. The model
accounts for orbit-divergent motions of the at least one
pseudolite. The positional information for the at least one
pseudolite 1s transmitted as part ol the navigation data without
separate channels or protocols being used for the transmis-
s10n of the positional information for the at least one pseudo-
lite.

This aspect 1s also attained through a satellite navigation
system having navigation satellites and pseudolites. The navi-
gation satellites and the pseudolites have transmission
devices for transmitting navigation data to user terminals. The
pseudolites each have a device for preparing model data of a
pseudolite trajectory 1n a reference coordinate system. The
model data account for orbit-divergent motions of the at least
one pseudolite. Moreover, the device 1s designed to insert the
model data into the navigation data to be transmitted.

This aspect may also be attained through a user terminal for
a satellite navigation system having a receirving device to
receive navigation data from navigation satellites and
pseudolites into which model data of a pseudolite trajectory
in a reference coordinate system have been 1nserted using the
above-note method. Additionally, a position model decoding
device 1s provided for extracting the model data of a pseudo-
lite trajectory 1n a reference coordinate system from the navi-
gation data. Moreover, the position model decoding device
furthermore 1s designed to account for model data of orbait-
divergent motions of at least one pseudolite and to perform
position determination of at least one pseudolite on the basis
of the model data, without separate devices being provided
for rece1ving and for decoding separate channels or protocols
for the positional information of pseudolites.

Moreover the aspect may be attained through a computer
program for processing navigation data from navigation sat-
cllites and pseudolites, into which model data of a pseudolite
trajectory in a reference coordinate system have been mserted
in accordance with the above-noted method. The computer
program accounts for model data for orbit-divergent motions
of at least one pseudolite, and the computer program 1is
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designed to work together with a position model decoding
device of a user terminal noted above. Additionally, the aspect
may be attained through a computer program product con-
taining a machine-readable program medium, on which a
computer program as described above, 1s stored 1n the form of
clectronically readable control signals.

Another aspect of the present invention 1s a method for the
transmission of navigation data to user terminals of a satellite
navigation system which comprises navigation satellites and
pseudolites. The mvention provides that positional informa-
tion for at least one pseudolite 1s transmitted as part of the
navigation data in the form of a model of a pseudolite trajec-
tory 1n a reference coordinate system, wherein the model
accounts for orbit-divergent motions of the at least one
pseudolite. This 1s not provided for 1n the prior art according,
to U.S. Pat. No. 6,101,178 A or U.S. Pat. No. 6,336,076 B1.
Rather, 1t 1s described there, 1n U.S. Pat. No. 6,101,178 A,

column 9, that while navigation satellites do indeed transmiat
information by a satellite almanac, ephemeris correction data
and clock correction data as part of their navigation data, this
1s not however provided for pseudolites. While U.S. Pat. No.
6,336,076 Bl does indeed describe the transmission of
ephemeris data, which 1s to say the description of orbital
motions for pseudolites, this 1s generally an unsuitable model
for describing the actual motions of the pseudolites. The
advantage of the method 1n accordance with the invention is,
firstly, that no separate channels or protocols are needed for
transmission of the positional information of the pseudolites,
but instead this transmission takes place as part of the trans-
mission of navigation data that 1s provided 1n any case. In
addition, the positional mnformation of the pseudolites 1s not
transmitted as absolute positions, but rather in the form of a
model of a pseudolite trajectory in a reference coordinate
system, wherein the model accounts for orbit-divergent
motions of the at least one pseudolite. An inertial coordinate
system whose origin lies at the Earth’s center and 1n which the
Earth rotates, for example, can be used as reference coordi-
nate system. Alternatively, however, a reference coordinate
system can be chosen that rotates, nutates and precesses 1den-
tically to the Earth, hence a reference coordinate system in
which the Earth 1s stationary. The use of a model for a pseudo-
lite trajectory, which model accounts for orbit-divergent
motions of the at least one pseudolite, permits greater preci-
sion of the positional information and of the position deter-
mination of the pseudolites and of the user terminal, since
predeterminable or estimated motions of the pseudolites rela-
tive to a user terminal can be taken 1nto account 1n the model.

As part of the model for the pseudolite trajectory the
changes 1n the surface structure of the Farth with time, 1n
particular, can be taken into account. These changes 1n the
surface structure of the Earth with time can give rise to a
movement of a pseudolite fixed on the surface of the Earth,
which movement can have quite palpable influences on the
measurement precision, especially for determinations of
position with high precision. Such changes in the surface
structure of the Earth with time are caused 1n particular by the
ocean tides when a pseudolite 1s fixed on the surface of the
ocean, or by the tides of the continental plates of land. These
periodically occurring, and hence predictable, changes 1n the
surface structure of the Earth with time can be integrated 1nto
the model for the pseudolite trajectory 1n a reference coordi-
nate system.

However, the pseudolite trajectory can also describe
another type of movement of the pseudolite, especially when
the pseudolite 1s not fixed on the surface of the Earth, but
instead 1s installed on a suitable land vehicle, watercratt,
aircraft, or spacecrait, whose movements can be described by
a suitable model. This could, for example, find application for
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the 1nstallation of pseudolites on satellites whose orbit 1s, for
example, higher or lower than the orbit of the navigation
satellites.

On the other hand, the format of the data to be transmitted
can also be simplified when positional information for navi-
gation satellites 1s also transmitted as part of the navigation
data, since then the data formats and possibly also the data
content of the positional information of the pseudolites and of
the navigation satellites can be unified. In this context, pro-
vision can in particular be made that positional information
for navigation satellites 1s also transmitted as part of the
navigation data in the form of amodel of anavigation satellite
trajectory in the same reference coordinate system as for the
pseudolites. A common model for the pseudolite trajectory
and for the navigation satellite trajectory can be used here,
which may consist of a first submodel for describing orbital
motions and a second submodel for describing orbit-diver-
gent motions.

Alternatively, however, provision can also be made that
while additional positional information for navigation satel-
lites 1s indeed transmitted as part of the navigation data in the
form of a model of a navigation satellite trajectory in the same
reference coordinate system as for the pseudolites, however,
separate models are used for the pseudolite trajectory and for
the navigation satellite trajectory, and identification of the
applicable model 1s provided within the navigation data. Such
identification can be accomplished, for example, through an
additional data area within the navigation data, for example
through a special flag which 1s placed ahead of the model data
and 1ndicates the type of model (pseudolite model or naviga-
tion satellite model).

Thus, 1n principle, it 1s possible for the navigation satellites
and the pseudolites to use at least a unified data format for
transmission of the navigation data and the positional infor-
mation contained therein. For examples of a unified data
format, reference can be made to U.S. Pat. No. 6,336,076 B1.
As aresult, the processing of the received navigation data in
the user terminal 1s significantly simplified, which also
reduces the corresponding expense for manufacture and
operation of the user terminals. Furthermore, provision can
also be made that the same frequency or the same frequency
band 1s used by the navigation satellites and the pseudolites
for transmission of the navigation data, and a unique code for
code-division multiplex encoding of the navigation data 1s
used by each pseudolite and by each navigation satellite. As a
result, particularly the expense for the user terminals can also
be reduced, since only one frequency or only one frequency
band must be received, and the requirement for transmission
capacity (frequencies or frequency bands) 1s reduced as well.

Alternatively, however, some of the pseudolites or all of the
pseudolites can use the same code of a code-division multi-
plex encoding. This applies 1n particular to certain pseudo-
lites for which no impairment of the user terminals results
when these pseudolites use the same code. Examples for this
are pseudolites that are widely separated spatially, wherein
here, for example, a limited number of codes could be
selected and these codes could repeat spatially at defined
distances. However, provision can also be made that 1n areas
where the navigation data of the pseudolites that use the same
code interfere, the user terminals detect these interferences
and do not use the navigation data from these pseudolites for
navigation.

A turther aspect of the present invention 1s a satellite navi-
gation system having navigation satellites and pseudolites,
wherein the navigation satellites and the pseudolites have
transmission devices for transmitting navigation data to user
terminals. In accordance with the invention, provision 1s
made that the pseudolites each have a device designed on the
one hand for preparing model data of a pseudolite trajectory
in a reference coordinate system wherein the model data
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account for orbit-divergent motions of the at least one
pseudolite, and on the other hand for inserting the model data
into the navigation data. Consequently, sitmplified navigation
data can be prepared and simplifications result for the user
terminals, as was already explained with reference to the 4
method described above. This satellite navigation system 1s
thus designed to transmit navigation data to the user terminals

in accordance with a method described above.

Moreover, provision can be made that the navigation sat-
cllites each have a device for preparing model data of a
navigation satellite trajectory in the same reference coordi-
nate system and for inserting the model data into the naviga-
tion data. Provision is especially made here that all devices for
preparing model data are designed such that a common model
for the pseudolite trajectory and for the navigation satellite
trajectory 1s used, which can consist of a first submodel for
describing orbital motions and a second submodel for
describing orbit-divergent motions. Alternatively, however,
the devices for preparing model data of the pseudolites and
the navigation satellites can be designed such that separate
models are used for the pseudolite trajectory and for the 20
navigation satellite trajectory, and 1dentification of the appli-
cable model 1s provided within the navigation data. The
method already described may be used for this purpose, and
the already mentioned advantages obtain.

In particular, all transmission devices and devices for pre- 25
paring model data can be designed such that a unified data
format for transmission of the navigation data 1s used by the
navigation satellites and the pseudolites. In addition, all trans-
mission devices for transmission of navigation data can be
designed such that the same frequency or the same frequency 4,
band 1s used by the navigation satellites and the pseudolites
for transmission of the navigation data, and a unique code for
code-division multiplex encoding of the navigation data is
used by each pseudolite and each navigation satellite. With
regard to the advantages that result herefrom, please refer to
the explanations of the method already described.

Alternatively, however, provision can also be made that the
transmission devices for transmitting navigation data of the
pseudolites are designed such that some of the pseudolites or
all of the pseudolites use the same code for code-division
multiplex encoding of the navigation data. This applies in 4V
particular to certain pseudolites for which no impairment of
the user terminals results when these pseudolites use the same
code. Examples for this are pseudolites that are widely sepa-
rated spatially, wherein here, for example, a limited number
of codes could be selected and these codes could repeat spa- 45
tially at defined distances. However, provision can also be
made that 1n areas where the navigation data of the pseudo-
lites that use the same code interfere, the user terminals detect
these interferences and do not use the navigation data from
these pseudolites for navigation. 50

A turther aspect of the present invention 1s a user terminal
for a satellite navigation system having a receiving device to
receive navigation data from navigation satellites and
pseudolites into which model data of a pseudolite trajectory
in a reference coordinate system have been inserted according
to a method described above. In accordance with the mnven-
tion, the user terminal includes a position model decoding
device for extracting the model data of a pseudolite trajectory
in a reference coordinate system from the navigation data,
wherein furthermore the position model decoding device 1s
designed to account for model data of orbit-divergent motions
of at least one pseudolite and to perform position determina-
tion of at least one pseudolite on the basis of the model data.
Such a device can, 1n particular, be implemented with signifi-
cantly less effort than separate devices for recerving and
decoding separate channels or protocols for positional infor- 65
mation of pseudolites, as the prior art requires. Moreover,
because the model data are taken into account, such a user
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terminal permits significantly more precise determination of
the position of pseudolites, and as a result also permits a
significantly more precise determination of its own position
than permitted to date by prior art.

This applies 1n particular when the position model decod-
ing device 1s also designed to extract model data of a naviga-
tion satellite trajectory in the same reference coordinate sys-
tem from the navigation data and to determine the position of
at least one navigation satellite on the basis of the model data.
In this way the data processing effort in the user terminal can
be unified and thus further simplified significantly.

Provision can be made in this case that the position model
decoding device 1s designed to 1dentily and extract a common
model for the pseudolite trajectory and for the navigation
satellite trajectory, which model can consist of a first sub-
model for describing orbital motions and a second submodel
for describing orbit-divergent motions. Alternatively, how-
ever, provision can also be made that the position model
decoding device 1s designed to 1dentity and extract separate
models for the pseudolite trajectory and for the navigation
satellite trajectory based on 1dentification of the applicable
model within the navigation data. Which of the possibilities 1s
chosen depends on which type of model was chosen 1n the
above-described method.

The receiving device and the position model decoding
device of a user terminal are designed to process a unified data
format from the navigation satellites and pseudolites. If all
navigation data from all pseudolites and all navigation satel-
lites are transmitted on the same frequency or in the same
frequency band, then the receiving device of the user terminal
will be designed such that on the one hand navigation data
from the navigation satellites and the pseudolites can be
received on the same frequency or in the same frequency
band, and on the other hand the navigation data from each
pseudolite and each navigation satellite are decoded with the
aid of 1ts own code for code-division multiplex decoding.
Thus, for decoding the navigation data a different code 1s used
for every pseudolite and every navigation satellite in accor-
dance with a conventional code-division multiplexing
method.

A Tfurther aspect of the present invention 1s a computer
program for processing navigation data from navigation sat-
cllites and pseudolites, into which model data of a pseudolite
trajectory in a reference coordinate system have been mserted
in accordance with an above-described method, wherein the
computer program accounts for model data for orbit-diver-
gent motions of at least one pseudolite. Furthermore, the
computer program can be adapted such that it can even pro-
cess navigation data that were created 1n accordance with an
above-described method beyond the nsertion of model data
ol a pseudolite trajectory in a reference coordinate system,
thus for example also with regard to navigation satellite tra-
jectories, specific models and data formats, etc. The computer
program here 1s designed to work together with a position
model decoding device of a user terminal as has been
described above.

The invention also encompasses a computer program prod-
uct containing a machine-readable program medium on
which an above-described computer program 1s stored 1n the
form of electronically readable control signals. The control
signals can be stored 1n any suitable form; the electronic
readout can then correspondingly take place through electri-
cal, magnetic, electromagnetic, electro-optic, or other elec-
tronic device. Examples for such program media are mag-
netic tapes, diskettes, fixed disks, CD-ROMs and

semiconductor components.

One aspect of the mvention includes a method for the
transmission of navigation data to user terminals of a satellite
navigation system composed ol navigation satellites and
pseudolites. The method includes transmitting positional
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information for at least one of the pseudolites, without the use
ol separate channels or protocols for the transmission of the
positional mformation for the at least one pseudolite. The
positional information 1s transmitted in the form of a model of
a pseudolite trajectory 1n a reference coordinate system which
the model accounts for orbit-divergent motions of the at least
one pseudolite, and wherein the positional information for the
at least on pseudolite forms a part of the navigation data.
Moreover, the model for the pseudolite trajectory can take
into account at least one of changes 1n the surface structure of
the Earth with time and relative motion of the at least one
pseudolite relative to the surtace of the Earth. The method can
turther include transmitting positional information for the
navigation satellites in the form of a model of a navigation
satellite trajectory in the same reference coordinate system
and using the same model for the pseudolite trajectory. Addi-
tionally, the model can comprise a first submodel that
describes orbital motions and a second submodel that
describes orbit-divergent motions, and the positional infor-
mation for the navigation satellites can form part of the navi-
gation data. The method can further include transmitting
positional information for the navigation satellites 1n the form
of a model of a navigation satellite trajectory in the same
reference coordinate system and using a different model for
the pseudolite trajectory. Identification of the model can be
included within the navigation data. The method may also
include utilizing a unified data format by the navigation sat-
cllites and the pseudolites for transmission of the navigation
data. Moreover, the method can include transmitting the navi-
gation data of the navigation satellites and the pseudolites 1n
at least one of a same frequency and a same frequency band,
and encoding the navigation data for each pseudolite and each
navigation satellite with a unique code for code-division mul-
tiplex. Additionally, a plurality of the pseudolites can use a
common code for code-division multiplex encoding of the
navigation data.

Another aspect of the present invention includes a satellite
navigation system composed of navigation satellites and
pseudolites. The system further includes navigation satellite
transmitters, associated with the navigation satellites, that
transmit navigation data to user terminals, pseudolite trans-
mitters, associated with the pseudolites, that transmit naviga-
tion data to user terminals, and modeling devices that are
structured and arranged to prepare model data of a pseudolite
trajectory in a reference coordinate system, associated with
cach of the pseudolites. The model data accounts for orbait-
divergent motions of each of the pseudolites, and the model-
ing devices are configured to mnsert the model data into the
navigation data. Moreover, the satellite navigation system can
include a navigation satellite modeling device structured and
arranged to prepare model data of a navigation satellite tra-
jectory 1n the same reference coordinate system, and the
model data can mserted into the navigation data. Moreover,
the model data of said pseudolite modeling device can be the
same as the model data of navigation satellite modeling
device, and the model data includes a first submodel that
describes orbital motions and a second submodel that
describes orbit-divergent motions. Additionally, the satellite
navigation system can further include a navigation satellite
modeling device structured and arranged to prepare model
data of a navigation satellite trajectory in the same reference
coordinate system, wherein the model data 1s inserted into the
navigation data. Moreover, the model data of said pseudolite
modeling device can be different from the model data of
navigation satellite modeling device, the model data com-
prises a first submodel that describes orbital motions and a
second submodel that describes orbit-divergent motions, and
identification of the applicable model 1s included within the
navigation data. Additionally, the navigation satellite trans-
mitters, pseudolite transmitters, and the modeling devices can
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be configured such that a unified data format for transmission
of the navigation data 1s used by the navigation satellites and
the pseudolites. Moreover, all transmitters that transmit navi-
gation data can be configured such that the same frequency or
the same frequency band 1s used by the navigation satellites
and the pseudolites for transmission of the navigation data,
and a umique code for code-division multiplex encoding of the

navigation data can be used by each pseudolite and by each
navigation satellite. Additionally, the pseudolite transmitters
can be configured such that the pseudolites use a common
code for code-division multiplex encoding of the navigation
data. Also, the pseudolites can be installed on one of land
vehicles, watercralt, aircraft, spacecraft, or on satellites
whose orbits are higher or lower than the orbits of the navi-
gation satellites.

Yet another aspect of the invention includes a user terminal
for a satellite navigation system, the satellite navigation sys-
tem transmitting navigation data from navigation satellites
and pseudolites that includes model data of a pseudolite tra-
jectory 1n a reference coordinate system inserted as noted
above. The user terminal includes a recerver for receiving the
navigation data, and a position model decoding device struc-
tured and arranged to extract the model data of a pseudolite
trajectory 1n the reference coordinate system from the navi-
gation data, to account for model data of orbit-divergent
motions of at least one pseudolite, and to determine a position
of at least one pseudolite according to the model data, without
separate devices for receiving and for decoding separate
channels or protocols for positional information of pseudo-
lites. Moreover, the position model decoding device can be
configured to extract from the navigation data model data of
a navigation satellite trajectory 1n the same reference coordi-
nate system and to determine the position of at least one
navigation satellite on a basis of the model data. Also, the
position model decoding device can be further configured to
identily and extract a common model for the pseudolite tra-
jectory and for the navigation satellite trajectory, which
model comprises a first submodel that describes orbital
motions and a second submodel for describing orbit-diver-
gent motions. Moreover, the position model decoding device
can also be configured to extract model data of a navigation
satellite trajectory 1n the same reference coordinate system
from the navigation data and to determine the position of at
least one navigation satellite on a basis of the model data. The
position model decoding device can be configured to identify
and extract separate models for the pseudolite trajectory and
for the navigation satellite trajectory based on 1dentification
of the applicable model within the navigation data. Moreover,
the recerving device and the position model decoding device
can be structured and arranged to process a unified data for-
mat from the navigation satellites and the pseudolites. The
receiving device can be configured such that the navigation
data from the navigation satellites and the pseudolites can be
received on the same frequency or in the same frequency
band, and the navigation data from each pseudolite and each
navigation satellite can be decoded with the aid of a separate
code for code-division multiplex decoding. The present
invention also ncludes a computer program for processing
navigation data from navigation satellites and pseudolites,
into which model data of a pseudolite trajectory 1n a reference
coordinate system can be inserted as noted above. The com-
puter program can account for model data for orbit-divergent
motions of at least one pseudolite, and the computer program
can be configured to work together with a position model
decoding device of a user terminal. Moreover a computer
program product containing a machine-readable program
medium, on which a computer program, as noted above, can
be stored 1n the form of electronically readable control sig-
nals.
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Another aspect of the invention includes a method for the
transmission of navigation data to user terminals of a satellite
navigation system composed of navigation satellites and
pseudolites The method includes transmitting positional
information for at least one of the pseudolites, 1n the same
channels and with the same protocols as the transmission of
the positional information for the at least one pseudolite. The
positional information 1s transmitted in the form of a model of
a pseudolite trajectory 1n a reference coordinate system which

5

the model accounts for orbit-divergent motions of the at least 0

one pseudolite, and wherein the positional information for the
at least on pseudolite forms a part of the navigation data.
Moreover, the model for the pseudolite trajectory can take
into account at least one of changes in the surface structure of
the Earth with time and relative motion of the at least one
pseudolite relative to the surface of the Earth.

Another aspect of the invention includes a user terminal for
a satellite navigation system, the satellite navigation system
transmitting navigation data from navigation satellites and
pseudolites that includes model data of a pseudolite trajectory
in a reference coordinate system inserted. The user terminal
including a receiver for recerving the navigation data, and a
position model decoding device structured and arranged to
extract the model data of a pseudolite trajectory in the refer-
ence coordinate system from the navigation data, to account
for model data of orbit-divergent motions of at least one
pseudolite, and to determine a position of at least one pseudo-
lite according to the model data. The recerver uses the same
channels and protocols to recerve the positional information
of the pseudolites. Moreover, the position model decoding
device can be configured to extract from the navigation data
model data of a navigation satellite trajectory in the same
reference coordinate system and to determine the position of
at least one navigation satellite on a basis of the model data.
Also, the position model decoding device can be turther con-
figured to i1dentify and extract a common model for the
pseudolite trajectory and for the navigation satellite trajec-
tory, which model comprises a first submodel that describes
orbital motions and a second submodel for describing orbit-
divergent motions.

BRIEF DESCRIPTION OF THE DRAWINGS

A special example embodiment of the present invention in
the context of a satellite navigation system 1s explained below
using FIGS. 1 and 2.

FIG. 1 1s schematic representation of a satellite navigation
system 1n accordance with the mnvention with pseudolites and
a terminal 1n accordance with the invention; and

FIG. 2 1s schematic representation of a pseudolite trajec-
tory and a navigation satellite trajectory 1n an inertial refer-
ence coordinate system.

DETAILED DESCRIPTION OF THE
INVENTION

PR.

T
s

ENT

FIG. 1 schematically shows a satellite navigation system
with multiple navigation satellites 1 (for example, GPS,
GLONASS or similar future systems such as GALILEO) and
with pseudolites 2 to increase the precision or redundancy of
the satellite navigation system. Represented in FI1G. 1 by way
of example1s apseudolite 2, which in the case 1n FIG. 1 would
be 11 Earth (land or water

fixed 1n place on the surface of the
surface). The pseudolite 2 can, however, also be movable on,
under, or over the surface of the Earth, for example on a
suitable land vehicle, watercraft, aircraft, or spacecrait. In
particular, the pseudolite 2 can 1n this case be arranged on a
vehicle or similar movable body whose motion 1s predictable
or can be estimated, as for example on a train, subway train,
river boat or aircraft whose route of travel and travel times or
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flight path and tlight times are relatively precisely known or
can be determined, or on a satellite whose trajectory in orbit
1s likewise relatively precisely known. All navigation satel-
lites 1 have at least one transmission device (transmission
unit) TU1 for transmitting navigation data to user terminals
(user terminals) UT. This 1s shown in FIG. 1 by way of
example for a navigation satellite 1. The pseudolites 2 each
have at least one transmission device TU2 for transmitting
navigation data to the user terminals UT.

Thenavigation satellites 1 addltlonally have a device (posi-
tion model unit) PMU1 for preparing model data for the
trajectory of at least the relevant navigation satellite 1, which
device 1s connected by data technology to the transmission
device TU1 of the navigation satellite 1. The device PMUI for
preparing model data also initiates the 1nsertion of the model
data for the trajectory of at least the relevant navigation sat-
cllite 1 into the navigation data to be transmitted by this
navigation satellite 1. Information about additional naviga-
tion satellites 1 and/or pseudolites 2 can also be inserted 1nto
the navigation data 1n the form of an almanac or likewise 1n
the form of a model of the relevant trajectory.

The pseudolites have, in addition to the transmission
device TU2, a device PMU?2 for preparing model data for the
trajectory of at least the relevant pseudolite, which 1s con-
nected by data technology to the transmission device TU2 of
the pseudolite 2. The device PMU?2 for preparing model data
also 1in1tiates the insertion of the model data for the trajectory
ol at least the relevant pseudolite 2 mto the navigation data to
be transmitted by this pseudolite 2. Information about addi-
tional navigation satellites 1 and/or pseudolites 2 can also be
inserted into the navigation data in the form of an almanac or
likewise 1n the form of a model of the relevant trajectory.

Shown 1n F1G. 2 1s a special case for models of the pseudo-
lite trajectories and the navigation satellite trajectories. The
reference coordinate system 1s formed by an inertial coordi-
nate system 4 whose origin lies at the center of the Earth 3 and
in which the Earth rotates. From this system, the pseudolite
trajectories 5 and the navigation satellite trajectories 6 are
based for the pseudolites 2 and the navigation satellites 1. A
common model for these pseudolite trajectories 5 and navi-
gation satellite trajectories 6 can now be chosen, which serve
to describe the relevant trajectories in the coordinate system
4. In this case the model does not include, by itself, the
relevant path for the trajectory of the pseudolites 2 in the form
of Keplernian orbit models and the relationship between
orbital position and time, but ideally alternatively or addition-
ally includes a modeling of influences on the trajectory that
are predictable or can be estimated, as for example due to
changes 1n the surface structure of the Earth with time, 1n
particular from tide effects, or due to relative motions of the
pseudolites with respect to the Earth’s surface when they are
mounted on vehicles or other movable bodies, for example.

The common model 1s 1deally composed of a first sub-
model for describing orbital motions and a second submodel
for describing orbit-divergent motions. To this end, matrix
equations 1n particular can be set up, wherein at least one first
matrix A describes an orbital model, thus orbital motions, and
at least one second matrix B describes orbit-divergent
motions. The overall model can then be composed of the sum
of the matrices (A+B), which 1s then multiplied by a vector x
which contains a suitable representation or functions of coor-
dinates and their derivatives for satellites or pseudolites, 1n
order to obtain the equations of motion to represent the tra-
jectories. Individual elements b, of the matrix B can be set
equal to zero 1n such a manner that the model for the orbait-
divergent motions only applies to the pseudolite coordinates
and their derivatives. In contrast, individual elements a,, of the
matrix A can be set equal to zero 1n such a manner tﬂat the
model for the orbital motions only applies to the satellite
coordinates and their derivatives. However, the elements of
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the matrix A can also be chosen such that the model for the
orbital motions applies to the satellite coordinates and their
derivatives and to the pseudolite coordinates and their deriva-
tives, wherein the model for the pseudolite coordinates and
their dertvatives 1s supplemented by the model for the orbit-
divergent motions and can thus more realistically describe the
pseudolite trajectory than a model based solely on ephemeris
data.

However, different models can also be chosen for the
pseudolite trajectories 5 and the navigation satellite trajecto-
ries 6. In this context, 1n a manner analogous to the models
described above, an orbital model can be chosen for the
satellite coordinates and their dermvatives and a model for the
orbit-divergent motions can be chosen for the pseudolite
coordinates and their derivatives, wherein the latter model
can be provided as a supplement to an orbital model for
pseudolite coordinates and their derivatives. These different
models can then be i1dentified 1n the navigation data, for
example through a special tlag, which 1s placed ahead of the
corresponding model data. For simplification, a unified data
format 1s 1deally chosen for the model data 1n each of these
two cases.

In order to keep the expenditure of transmission capacity
and the expenditure for the user terminals as low as possible,
the navigation data of all navigation satellites 1 and pseudo-
lites 2 can be transmitted on the same frequency or 1in the same
frequency band 1n a code-division multiplex process.

Theuser terminal UT has a position model decoding device
(position model decoding unit) PMDU that 1s connected to
the recerving device RU and 1s used for extracting the model
data of a pseudolite trajectory 5 and a navigation satellite
trajectory 6 in the cited reference coordinate system 4 from
the recerved navigation data. A model that accounts for orbit-
divergent motions of the pseudolite 2 1s used for the pseudo-
lite trajectory. Thus, as mentioned, not only 1s one represen-
tation of the pseudolite position performed with the aid of
ephemeris data, hence of orbital models that describe the
trajectory of pseudolites only mnadequately, but in addition,
the orbit-divergent motions of the pseudolite 2 1n particular
are modeled. This can either take place as an alternative to a
representation of the pseudolite trajectory 5 using an orbital
model (e.g., ephemeris data) or in combination with a repre-
sentation of the pseudolite trajectory 5 using an orbital model
(e.g., ephemeris data), thus in the latter case as an 1improve-
ment of an existing orbital model.

Furthermore, the one position model decoding device (po-
sition model decoding unit) PMDU 1s used for position deter-
mination of navigation satellites 1 and pseudolites 2 on the
basis of model data. The position model decoding device
PMDU detects 1n this process whether a common model 1s
present for the pseudolite trajectory 5 and for the navigation
satellite trajectory 6, or whether separate models are present
tor the pseudolite trajectory 5 and for the navigation satellite
trajectory 6, which are i1dentified within the navigation data
by a suitable flag, for example, which precedes the model
data.

If a umfied data format 1s chosen for all navigation data,
and thus for all model data, as proposed 1n this aspect of the
present invention, the receving device RU and the position
model decoding device PMDU of the user terminals UT are
also appropriately adapted for processing this umfied data
format, which ultimately results 1n a sitmplification of the user
terminal UT. Similar considerations apply 1f all navigation
data are transmitted using code-division multiplexing on the
same frequency or in the same frequency band. The receiving
device RU can then be designed such that navigation data
from the navigation satellites 1 and the pseudolites 2 can be
received on the same frequency or in the same frequency
band, and on the other hand the navigation data of each
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pseudolite 2 and each navigation satellite 1 can be decoded
with the aid of a separate code for each.

All process steps necessary in the user terminal for pro-
cessing the navigation data in the position model decoding
device PMDU or parts thereof can be executed by a computer
program. To this end, the computer program 1s adapted to
work together with the position model decoding device
PMDU of the user terminal UT. The computer program can be
introduced 1nto the user terminal UT with the aid of a com-
puter program product, wherein the computer program prod-
uct contains a machine-readable program medium (data car-
rier) DC on which the computer program 1s stored in the form
ol electronically readable control signals. One example for
the program media would be a chip card with a semiconductor
chip mn which the computer program 1s stored. However, all
other suitable types of computer program products can also
be used, as has been discussed already.

What 1s claimed 1s:

1. A method for transmission of navigation data to user
terminals of a satellite navigation system composed of navi-
gation satellites and pseudolites, comprising:

transmitting positional information for at least one of the
pseudolites as part of the navigation data, without the
use ol separate channels or protocols, wherein the posi-
tional information 1s transmitted 1n the form of a model
of a pseudolite trajectory 1n a reference coordinate sys-
tem which the model accounts for orbit-divergent
motions of the at least one pseudolite; and

transmitting positional information for the navigation sat-
cllites 1n the form of a model of a navigation satellite
trajectory 1n the same reference coordinate system and
using a different model for the pseudolite trajectory,

wherein identification of the model 1s included within the
navigation data.

2. A satellite navigation system composed of navigation

satellites and pseudolites, the system comprising:
navigation satellite transmitters, associated with the navi-
gation satellites, that transmit navigation data to user
terminals;

pseudolite transmitters, associated with the pseudolites,
that transmit navigation data to user terminals; and

pseudolite modeling devices, associated with each of the
pseudolites, that are structured and arranged to prepare
model data of a pseudolite trajectory 1n a reference coor-
dinate system, wherein the model data accounts for
orbit-divergent motions of each of the pseudolites, and
said modeling devices are configured to 1nsert the model
data 1nto the navigation data,

wherein each navigation satellite further comprises:

a navigation satellite modeling device structured and
arranged to prepare model data of a navigation satellite
trajectory 1n the same reference coordinate system,
wherein the model data 1s inserted into the navigation
data,

wherein the model data of said pseudolite modeling
devices are different from the model data of the naviga-
tion satellite modeling device, the model data comprises
a first submodel that describes orbital motions and a
second submodel that describes orbit-divergent
motions, and identification of the applicable model 1s
included within the navigation data.

3. A user terminal for a satellite navigation system, said
satellite navigation system transmitting navigation data from
navigation satellites and pseudolites that includes model data
ol a pseudolite trajectory 1n a reference coordinate system by
transmitting positional information for at least one of the
pseudolites as part of the navigation data, without the use of
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separate channels or protocols, such that the positional infor-
mation 1s transmitted 1n the form of a model of a pseudolite

trajectory 1n a reference coordinate system which the model
accounts for orbit-divergent motions of the at least one
pseudolite, the user terminal comprising:

a recerver for receiving the navigation data;

a position model decoding device structured and arranged
to extract the model data of a pseudolite trajectory 1n the
reference coordinate system from the navigation data, to
account for model data of orbit-divergent motions of at
least one pseudolite, and to determine a position of at
least one pseudolite according to the model data, without
separate devices for receiving and for decoding separate

10
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channels or protocols for positional information of the
pseudolites,

wherein the position model decoding device 1s also con-

figured to extract model data of a navigation satellite
trajectory 1n the same reference coordinate system from
the navigation data and to determine the position of at
least one navigation satellite on a basis of the model data,
wherein the position model decoding device 1s config-
ured to identity and extract separate models for the
pseudolite trajectory and for the navigation satellite tra-
jectory based on 1dentification of the applicable model
within the navigation data.
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